[1] The National Aeronautics and Space Administration's Global Tropospheric Experiment program has conducted five sampling programs examining the Pacific troposphere from 1991 to 2001. Flights on two aircraft, a P3-B and DC-8, sampled the Pacific troposphere at altitudes from 0.5 km to 13 km and from 130°E to 115°W and from 65°N to 70°S. Long-term trends in the observed species mixing ratios in different geographic regions are presented. Changes in species mixing ratios are discussed with respect to changes in source, transport, and photochemical production and loss processes over the decade study period. CH 4 and CO 2 exhibited average annual mixing ratio increases of 6.39 ppbv yr À1 and 1.92 ppmv yr À1 , respectively. O 3 , CO, and NO all exhibit significantly higher mixing ratios in the north Pacific troposphere in the spring than in the fall. However, there is no clear annual trend for these species. H 2 O 2 mixing ratios were 38 ± 16% higher (D(fall-spring) 258 ± 34 pptv), and CH 3 OOH was 61 ± 15% higher (D343 ± 76 pptv) throughout the Pacific troposphere in the fall than in the spring. During 2001, SO 2 loading in the North Pacific is 2-3 times larger than during earlier years. Anthropogenic tracer gases, C 2 H 6 , C 3 H 8 , C 2 H 2 , and C 2 Cl 4 , do not exhibit comparable increases in their average mixing ratios during the decade study period. 
Introduction
[2] The distributions of hydrogen peroxide (H 2 O 2 ), methylhydroperoxide (CH 3 OOH), SO 2 , DMS, O 3 , CO, CO 2 , selected hydrocarbons, and selected nitrogen containing species have been observed in the oceanic troposphere during NASA's Global Tropospheric Experiment (GTE) program. Over the last 10 years this program sponsored five field campaigns in which the peroxide and many other species mixing ratios were determined over the Pacific Ocean (Table 1 ). The first was the Pacific Exploratory Mission (PEM), West A (PWA) where measurements were made in the western Pacific from the NASA DC-8 during September and October of 1991. The second phase of the Pacific Exploratory Mission West B (PWB) occurred in January and February of 1993. In September and October of 1996, PEM Tropics A (PTA) occurred and focused on the tropical Pacific troposphere involving both the NASA DC-8 and P3-B aircraft. PTA was followed by a second tropical Pacific mission, PEM Tropics B (PTB), which sampled the troposphere during March and April of 1999. The most recent mission focused on examining the Transport and Chemical Evolution over the Pacific (TRACE-P (TRP)) of Asian outflow during March and April of 2001 [Jacob et al., 2003 ]. The following special section papers contribute to the principal goals of enhancing our understanding of the distribution of O 3 over the Pacific Ocean through an exploration of atmospheric composition and dynamics and, second, improving our understanding of sulfur gas chemistry in the Pacific troposphere: ''Pacific Exploratory Mission-West Phase A'' (Journal of Geophysical Research, 101(D1), 1641 -2147, 1996) , ''Pacific Exploratory Mission-West, Phase B'' (Journal of Geophysical Research, 102(D23), 28,223 -28,671, 1997) , ''Pacific Exploratory Mission-Tropics A (PEM-Tropics A)'' (Journal of Geophysical Research, 104(D5), 5565 -5876, 1999) , and ''NASA Global Tropospheric Experiment Pacific Exploratory Mission in the Tropics Phase B, Part 1: Measurements and Analysis (PEM-Tropics B)'' (Journal of Geophysical Research, 106(D23), 32,401 -34,776, 2001) .
[3] Long-term changes in the levels of gas phase species in the atmosphere can be driven by a variety of processes. First, if the compound is directly emitted by anthropogenic activity, changes in the level or geographic location of the anthropogenic activity can have a significant effect on the regional distribution. Second, if a target compound is photochemically produced in the atmosphere, changes in precursor source emission characteristics can affect photochemical production. Additionally, changes in levels of compounds that compete with a specific formation or loss process for the target species may impact the observed levels of the target compound. Finally, shifts from one meteorological regime to another may alter the transport path for compounds, changing their regional distributions. Meteorological regime shifts may also change deposition and heterogeneous processes that are typical of a particular meteorological pattern. For example, the presence and intensity of El Niño can affect the regional meteorology in the Pacific troposphere. Understanding the long-term changes or loading of a compound in the atmosphere requires knowledge of all of these different processes. An additional complication in establishing the long-term trend for a species is appropriately accounting for the effects introduced by a sampling bias, for example, sampling in a limited number of seasons. Most of the GTE missions occurred during either Northern Hemisphere spring or fall, when species with seasonal cycles exhibit the greatest rate of change in ambient levels. Consequently, a shift of a few weeks in time can make a large difference in the observed ambient levels. Unequivocally determining whether observed differences in species mixing ratios between field programs are due to a long-term trend or due to a few weeks difference in the sampling window between programs, is a challenging endeavor. However, understanding the chemical evolution of the troposphere over long time periods is necessary to evaluate pollution and chemical loading trends. It is equally important to determine if any changes in loading locally are altering levels of compounds on a regional spatial scale.
[4] To address these questions, we have examined the mean mixing ratios of a variety of compounds in different regions of the Pacific troposphere from 1991 to 2001. In this paper we present the decadal changes in the levels of H 2 O 2 , CH 3 OOH, and selected species in different regions of the Pacific troposphere during the GTE field campaigns. Sample collection and analytical procedures for the peroxides are briefly described for the PTB and TRP missions, as well as the data sets used in the compilation. Trends in species mixing ratios are presented and the influence of changes in emission, photochemical production/loss, and transport regimes are explored.
Experiment

Data Compilation From the Field Missions
[5] The GTE field programs involved measurements of a number of chemical species, which contribute to understanding the chemistry of O 3 and SO 2 in the troposphere [Raper et al., 2001] . A number of these measurements were used to interpret the observed changes in peroxide distributions. Since each of the instruments in the aircraft payload for the various missions had a unique sampling and analysis cycle, their respective measurements were merged to the peroxide time base for the early missions, PWA, PWB, and PTA, nominally 5 min. For the PTB and the TRP missions, the data were merged to a 5-min time base. Observations from instruments with a shorter time resolution than the peroxide measurements were averaged over the peroxide analysis cycle. If a species was not directly measured during the peroxide sample interval, it was treated as missing. If a species sample interval exceeded the peroxide sample interval, the species concentration was assumed to remain constant in the data merge for multiple peroxide sample intervals.
[6] The data for each mission were geographically partitioned into eight regions. The high-latitude north Pacific (HLNP) region was composed of all data with sampling latitude >45°N. A similar high-latitude south Pacific (HLSP) region was also used for all data obtained at latitudes >45°S. This region was only sampled during PTA by the DC-8 and is represented by data from only two flights. The troposphere over the Pacific Ocean was partitioned into east and west regions at the date line: East Pacific (EP) is composed of data with longitudes >90°and <180°; west Pacific (WP) data have longitudes >180°and <250°. Midlatitude north Pacific (MN) extended from 10°t o 45°N, the equatorial region (EQ) extended from 5°S to 10°N, and the midlatitude south pacific (MS) region is composed of data from 5°S to 45°S. The latitude and longitude divisions are combined to generate a specific region, for example, the midlatitude northeastern Pacific (MNEP) (Figure 1 ). [7] Gas phase H 2 O 2 and CH 3 OOH were collected with continuous flow glass cyclone separators [Lazrus et al., 1986] and quantified using the high-performance liquid chromatographic (HPLC) fluorometric method described by Lee et al. [1995] and Kok et al. [1995] . Hydroperoxides were separated by reverse phase HPLC on a 5m Inertsil ODS-2 PEEK column (4.6 mm Â 250 mm, Alltech) followed by a postcolumn derivatization reaction forming a fluorescent dimmer. The peroxidase catalyzed dimerization of p-hydroxyphenyl acetic acid occurs in the presence of peroxy functional groups at elevated pH. Formation of the fluorescent dimmer is proportional to the concentration of a given hydroperoxide [Kok et al., 1995; Lee et al., 1995] . The detection limits for H 2 O 2 and CH 3 OOH were 15 and 25 pptv, respectively, for the TRP program (3 times the standard deviation of the blank). The estimated accuracy for each measurement is 15% for H 2 O 2 and 25% for CH 3 OOH and includes the uncertainties in aqueous peroxide standards, blanks, gas flow rates, aqueous flow rates and collection efficiency for CH 3 OOH. Details regarding the system configurations for the PWA, and PWB and PTA programs are given by Heikes et al. [1996] and O'Sullivan et al. [1999] , respectively.
Peroxide Analytical Methods and Trace Gas Figures of Merit
[8] For the PTB field campaign the HPLC injection process was automated. In the previous Pacific exploratory missions the collection solutions from the stripping coils were collected in 5-ml PFA Teflon vials and injected by hand at 2.5-or 5-min intervals for the DC-8 and P3-B, respectively. This configuration resulted in an individual injection representing an ''integrated sample'' over the collection interval, 2.5 or 5 min. During PTB and the TRP program, the collection solutions from the coils were pumped continuously through the HPLC injection valve loop. Every 2.5 or 5 min, the valve was actuated and an injection performed (Valco Instruments, Inc.). Consequently, the peroxide injection represents a 30-s snapshot of atmospheric peroxide levels which were observed on a 2.5-or 5-min cycle.
[9] SO 2 was measured by atmospheric pressure ionization mass spectrometry during TRP with a detection limit of <1 pptv at the 2s level when the measurements were averaged to 1 s [Thornton et al., 2002] . CO 2 was measured with Li Cor 1 6252 nondispersive infrared analyzers during TRP; the 1-s averaged data have a 1s precision of 0.070 ppmv with an accuracy of ±0.2 ppmv [Vay et al., 2003] . Methane and CO were measured with tunable diode laser systems [Sachse et al., 1987 [Sachse et al., , 1991 with accuracies of ±1% for CH 4 and ±2% for CO compared to NOAA/CMDL standards for the TRP program [Bartlett et al., 2003] . Analytical protocals for the measurement of the nonmethane hydrocarbons and halocarbons are given by Blake et al. 1996, 2003, and references there in] . O 3 was determined by chemiluminescence with an accuracy of 3% or 2 ppbv [Hoell et al., 1997] , and NO was determined by LIF with an accuracy of ±18% . Gas phase HNO 3 measurements for TRP are described by Talbot et al. [2003] and have a precision and accuracy of 10 -20%. Analytical figures of merit for earlier missions are available with the mission data from the NASA-Langley Distributed Active Archive Center or via the GTE homepage (http:// www-gte.larc.nasa.gov).
Results
[10] The geographic and vertical locations of the samples are shown in Figure 2 for each field program. From these plots it is evident that the data coverage within each region is not equivalent; latitudes greater than 45°are not well sampled during the GTE missions. Hence some regional averages are based on observations from only a few flights in a particular field program. The regional averages, standard deviations, and number of observations for each field program and for each chemical species are presented in Table 2 . Each field programs regional average mixing ratio for a species is the average from all observations at all altitudes within the region. Differences in the frequency of observations at various altitudes between field programs could have a significant effect on the regional averages. For species that exhibit small gradients with altitude the effect would be minimal; however, for species with substantial vertical gradients, such as H 2 O 2 , the impact of a difference in the number of samples at a given altitude could be significant. To determine if the number of samples at a given altitude in a region was similar between programs, the cumulative distribution functions of altitude for samples in a given region between programs were compared; see Figure 3 (HLNP is not shown). The closest correspondence between missions with respect to vertical sample distributions in a given region is generally between the paired GTE missions, for example, PWA and PWB and PTA and PTB. In the MNEP the coverage with altitude between missions is quite similar (with the exception of PWB) up to 7 -8 km where some divergence is observed. During PWB the MNEP observations are dominated by altitudes >7 km. In the MNWP the distribution with altitude between missions is quite similar with the exception of a greater number of observations in the 1-to 2-km altitude range during TRP (Figure 3) . Generally, H 2 O 2 will exhibit a maximum around this altitude range, and one would expect a larger regional average mixing ratio for TRP. In fact, the opposite is observed, and this is discussed in section 3.3. Depending on the objectives of a particular field campaign, some regions were not sampled at all during a particular program. For the discussions that follow we focus on species for which there are observations spanning at least three field programs. A few regions like the MNEP have observations from all GTE missions, although the number of observations comprising the regional mission average for a species varies. The HLSP region has the fewest observations, the paucity of data for this region does not permit the analysis of long-term changes. If sufficient data existed within a region, changes in the altitude distribution of species over time were examined.
[11] Of the five field missions, PWA and PTA and PWB, PTB, and TRP exhibit the greatest overlap in species distribution patterns and concentrations [O'Sullivan et al., 1999] . The greatest differences arise when viewing the ''A'' missions relative to the ''B'' missions and TRP. Both the ''A'' campaigns occurred in the fall, nominally, September to October, and the ''B'' missions and TRP occurred in the spring, generally late February to April (Table 1) . PWB and TRP offer the best scenario for examining long-term changes in pollutant loading over the Pacific since these missions occurred at similar times during the year (offset by 3 weeks and have the greatest correspondence between flight tracks and hence data coverage. In addition, these programs sampled the Pacific troposphere when the multivariate ENSO index ranking indicates near normal El Niño conditions [Fuelberg et al., 2003] . PWB and TRP are compared in section 3.3.
Peroxides and O 3
[12] Over the last 15 years, there have been a number of measurements of peroxides in the troposphere. A variety of different analytical methods and field results through 1990 have been reviewed by Gunz and Hoffmann [1990] and Sakugawa et al. [1990] . Observations since 1990 including an expanding number of organic peroxide measurements have been reviewed by Lee et al. [2000] . The ground-and aircraft-based programs have demonstrated that H 2 O 2 is the dominant peroxide present in the troposphere. The most abundant organic peroxide is CH 3 OOH or hydroxymethylhydroperoxide (HMHP) (HOCH 2 OOH) [Hewitt and Kok, 1991; Heikes, 1992; Heikes et al., 1996; Lee et al., 1993; Ayers et al., 1996; Fels and Junkermann, 1994; Tremmel e al., 1993 Tremmel e al., , 1994 McDonald et al., 1995; Watkins et al., 1995a Watkins et al., , 1995b ; Weinstein-Lloyd et al., 1996, 1998; [Olszyna et al., 1988; Claiborn and Aneja, 1991; Ayers et al., 1992; McDonald et al., 1995] or over several years. A seasonal decrease of nearly a factor of 5 in H 2 O 2 mixing ratios has been observed for the continental northeastern United States and reflects the seasonal transition from a NO x -limited to a hydrocarbon-limited photochemical regime [Jacob et al., 1995] . Ayers et al. [1992] observed seasonal variations in peroxides in the marine troposphere from a site at Cape Grim. The seasonal cycle in the concentration of peroxides had an amplitude of about 1.5 ppbv, with a minimum in JuneJuly (Southern Hemisphere winter) and a maximum in December -January in the lower troposphere at Cape Grim.
[13] Since the PWA and PTA field programs occurred at the same time of year nominally September to October and PWB, PTB, and TRP occurred from February to April, the differences in the mean mixing ratios of these species in part reflect seasonally driven changes. For the discussion that follows, the September to October missions (PWA and PTA) will be considered fall and the February to April missions (PWB, PTB, and TRP) spring, since the bulk of the flight observations are in the Northern Hemisphere. By examining the mission mean mixing ratios for a particular compound, it is apparent that all species exhibit a seasonal signal to some extent, Table 2 . For some species the signal maybe driven largely by seasonal photochemical changes, source emission shifts, and/or transport changes. The sampling frequency with respect to altitude and location was not evenly distributed throughout the five different field campaigns (Figure 2) . Consequently, the mean mixing ratio for a particular region is composed of a unique number of observations. In the midlatitudes and tropics the five missions have produced a robust data set at all altitudes; however, at high latitudes, particularly in the extreme Northern and Southern Hemispheres, the data coverage is sparse. Caution should be exercised when comparing regional averages between programs when the sampling rate for the region is vastly different.
[14] If one compares the regional averages between the paired PWA and PWB programs and the PTA and PTB programs, it is reasonable to expect long-term process influencing the peroxide distributions will be somewhat muted. Hence the differences will largely be due to seasonal effects. During the PEM West programs the mean mixing ratios of H 2 O 2 and CH 3 OOH were higher during the PWA campaign in all the regions (Table 2 ). H 2 O 2 mixing ratios were 38 ± 16% higher [D(fall-spring) 258 ± 34 pptv], and CH 3 OOH was 61 ± 15% higher (D343 ± 76 pptv) through out the Pacific troposphere. These variations are well within the anticipated seasonal variations as a result of photochemical regime changes. However, a similar comparison of the paired PTA and PTB missions does not produce a consistent pattern for the regional averages. During these missions only the EQEP and MSWP regions exhibit higher mixing ratios during the fall. Olson et al. [2001] examined the altitude distributions for H 2 O 2 and CH 3 OOH during PTA and PTB and found that PTA exhibited the largest median values in all but one altitude bin, with the greatest differences between missions occurring below 2 km. The observed differences were qualitatively consistent with the calculated seasonal HO 2 distributions from a photochemical box model.
[15] Mixing ratios for H 2 O 2 and CH 3 OOH exhibit the largest seasonal differences (fall-spring) in the MNEP region, DH 2 O 2 = 375 pptv and DCH 3 OOH = 397 pptv (Table 2 ). Seasonal differences in the other regions are also quite evident. No data are available for the highlatitude south Pacific during the spring; the fall data in 
Data impacted by SO 2 emissions from volcanoes were removed to compute the regional average; all these values were >10 ppbv.
c During the TRP program flights 16 and 17 on the P-3B flew through emissions from Miyake-Jima volcano; data from these flight legs were excluded from the regional average. this region are made up of one flight during PEM Tropics A. The relative change on a seasonal basis shows a maximum for H 2 O 2 in the HLNP with a 95% change in the average mixing ratio between the fall and spring season followed by MNEP and MSEP at around 50%. The smallest seasonal changes occur for the EQEP, EQWP, and MNWP regions, 8, 18, and 14%, respectively, for H 2 O 2 . Methylhydroperoxide behaves quite differently. The largest seasonal changes are observed in the HLNP and MNEP regions with changes of 118% and 95%, respectively. The remaining regions exhibit a 20 -40% seasonal change in CH 3 OOH mixing ratios with the exception of the MSEP region, which exhibits no seasonal signal.
The seasonal changes from fall to spring are only a fraction of the changes anticipated for the peroxides if the maximum and minimum seasons had been sampled. For example, Ayers et al. [1992] observed the seasonal cycle in H 2 O 2 mixing ratio at 100 m altitude on the seaward edge of Cape Grim at 41°S. Their observations indicated a maximum seasonal change of nearly an order of magnitude from June -July to NovemberDecember, minimum and maximum in the Southern Hemisphere, respectively. Ayers et al. [1992] observations for spring and fall differ by 10-15%, which is similar to the change observed in this work for that region. Unfortunately, the NASA GTE field campaigns did not sample during the summer and winter seasons, which would have afforded the Figure 3 . The cumulative distribution function with altitude for samples composing the regional average species mixing ratios for the GTE missions with data for the particular region. opportunity to sample the maximum and minimum peroxide mixing ratios.
[16] A seasonal cycle in peroxide concentrations is anticipated based on seasonally driven changes in photochemical production and loss mechanisms. However, changes in vertical and horizontal transport regimes during different seasons also have a dramatic influence on the observed distributions of the peroxides. The meteorological settings for the fall missions were described by Bachmeier and Fuelberg [1996] for PWA for PTA. Meteorological settings for the spring missions were described by Merrill et al. [1997] for PWB for PTB. Meteorological process leading to enhanced continental outflow are more prevalent in the spring. The impact of continental sources on the distribution of the peroxides is evident in Figures 4 and 5 . At the lowest altitudes, 0 -2 km and 2 -4 km, elevated peroxides are observed near coastal sources in both the western and eastern Pacific. The influence of the proximity of the Asian coast is most evident in the spring, particularly for H 2 O 2 [O' Sullivan et al., 1999] . The highest H 2 O 2 mixing ratios were observed in recent pollution plumes originating over Asia during the spring . Similar trends are observed for CO and C 2 Cl 4 supporting the influence of pollution plumes on the peroxide distributions. C 2 Cl 4 also exhibits a strong source signature southeast of Japan (not shown). Further support of the importance of recent emission is gleaned from the ratio of ethyne to CO (Figure 6) . Smyth et al. [1996] developed the ratio of ethyne to CO as a measure of air mass processing. Processing of the air mass occurs via two mechanisms, photochemical oxidation by hydroxyl or by mixing continentally influence air masses with photochemically processed air. This ratio is a proxy for the age of the air mass; higher ratios indicate recent exposure to surface emissions. The C 2 H 2 /CO ratios clearly indicate the influence of recent outflow in spring in the western Pacific at all altitudes. The occurrence of outflow appears to be substantially reduced in the fall in this region (Figure 6 ).
[17] In the eastern Pacific the peroxides are influenced by outflow from coastal South America extending into the eastern Pacific troposphere. At the surface the flow is predominantly from the southeast originating in the subtropical anticyclone near 30°S . The surface peroxide levels are likely influenced by coastal, low-altitude sources. At 2-4 km the winds are easterly (offshore) north of 10°S and have trajectories that have passed over interior regions of South America. The highest mixing ratios for the peroxides were observed at 2 -4 km in this region, CO also exhibits elevated levels. C 2 Cl 4 is not elevated suggesting that the principal pollution source is not industrial. Biomass burning is prevalent in South America and its influence extends into the eastern Pacific troposphere [Talbot et al., 1999 [18] In both the spring and fall elevated concentrations of H 2 O 2 and CH 3 OOH were observed off the coast of California in the 4-to 8-km altitude range (Figures 4 and 5) . At this altitude the mean streamlines are westerly in the spring , cyclonic activity in Asia uplifts air which is transported east and descends off the coast of California. The ratio of C 2 H 2 /CO is elevated supporting a rapid transport scenario. Clark et al. [2001] examined the origin of aerosols and pollutants in the air mass and have shown that 10-day back trajectories of the air mass touch down in the vicinity of Japan and the southern Gobi desert. Elevated levels of CH 3 OOH are evident at high altitude in the spring northeast of the South Pacific Convergence Zone (SPCZ). The SPCZ is more defined in the spring than in the fall, which is evident in the absence of elevated CH 3 OOH at altitude near the SPCZ in the fall (Figure 5 ). During the fall both peroxides are transported to altitudes greater than 8 km by the Intertropical Convergence Zone (ITCZ) in the central Pacific (Figures 4 and 5) . At higher altitudes, deep convection has been suggested as the cause of the difference between observed and modeled peroxide concentrations [Prather and Jacob, 1997; Cohan et al., 1999] . These data clearly show this phenomenon and demonstrate the importance of the SPCZ and ITCZ in influencing the distributions of peroxides with altitude in these regions. Previous work has demonstrated the importance of these convergence zones as a barrier for exchange at altitudes below 5 km . These data indicate the importance the convergence zones play in the vertical distribution of species and the resulting change in photochemical processes.
[19] The levels of O 3 in the troposphere are influenced by in situ photochemistry and transport processes. At altitudes >8 km in the high-latitude north and south the DC-8 sampled stratospheric air as a result of intrusions and sampled the lower altitude of the tropopause at high latitudes [Browell et al., 1996] (Figure 7 ) (high-latitude Southern Hemisphere is not shown). At altitudes below 2 km, net destruction of O 3 in the marine boundary layer is evident by the low mixing ratio observed through out the tropical and south Pacific regions; at higher altitudes the O 3 mixing ratio increases (Figures 8 and 9 ). The O 3 mixing ratio in the MSEP and MSWP are a factor of 2 higher during the fall (Table 2) . Wu et al. [1997] observed a greater frequency of encounters with high O 3 layers in the Pacific troposphere during the fall. The most prevalent type of layer contained high O 3 and low water vapor and was associated with midlatitude stratospheric subsidence reaching into the tropics. In the spring the number of layers associated with polluted continental air was only one third of the number observed during the fall. The presences and absence of these layers clearly influences regional, seasonal changes in O 3 mixing ratios in the Pacific troposphere.
Long-Lived Species: CH 4 and CO 2
[20] Both CH 4 and CO 2 are long-lived species in the atmosphere and contribute to the greenhouse effect. Methane is an important trace component of the atmosphere, impacting both tropospheric and stratospheric chemical cycles [Cicerone and Oremland, 1988] . The primary removal process for tropospheric methane is reaction with hydroxyl radical, resulting in an atmospheric methane lifetime of about 8 years. In the troposphere large fluxes of methane could suppress hydroxyl radical levels impacting the ozone and HO x budgets, altering the oxidative capacity of the atmosphere. Methane is also about 20 times more effective on a weight basis than carbon dioxide as a greenhouse gas and currently accounts for about 15% of enhanced greenhouse forcing [Lashof and Ahuja, 1990] . The annual atmospheric methane increase is less now than at the beginning of the study [Blake and Rowland, 1988; Simpson et al., 2002] .
[21] The mean CH 4 and CO 2 mixing ratios for each region during the different field programs are presented in Table 2 and Figure 10 . Methane is increasing over the time period of observations in all regions where there were observations in more than two field programs. The annual rate of increase is greatest in the HLNP region at 8.49 ± 1.66 ppbv yr À1 , with r 2 = 0.96, followed by the EQWP at 6.76 ± 1.78 ppbv yr À1 , with r 2 = 0.83; MSWP at 6.07 ± 2.78 ppbv yr
À1
, with r 2 = 0.83; MNWP at 5.88 ± 0.37 ppbv yr À1 , with r 2 = 0.99; and the lowest in the MNEP at 4.73 ± 1.34 ppbv yr
, with r 2 = 0.81. In all regions the annual rate of increase is substantially lower than 0.9% observed during the 1980s, which would be about 15 ppbv yr
. Bartlett et al. [2003] derive a global background methane increase of 38 ± 6 ppbv between the PWB and TRP missions using methane measurements on clean air samples at Climate Monitoring and Diagnostics Laboratory (CMDL) sites for latitudes <30°N. Considering the 7-year difference between missions, this results in a background Figure 7 . Altitude dependence of species mixing ratios in the high-latitude north Pacific region. Data for PWA, PWB, and TRP were available for this region.
annual increase of 5.4 ± 0.9 ppbv yr À1 for methane for latitudes <30°N. A similar approach to calculating a global background increase using CMDL sites above 30°N results in an annual increase of 3.9 ± 1.7 ppbv yr À1 for methane. The regional annual rate of increase for methane is not significantly different from the global background increase for the EQWP, MSWP, MNWP, and the MNEP regions. Methane's annual rate of increase significantly exceeds the high-latitude background CMDL derived rate in the HLNP region. Streets et al.
[2003] estimated a +6.4% increase in east Asian methane anthropogenic emission from 1994 to 2000. Increasing direct anthropogenic methane emissions from east Asia into the MNWP region do not appear to be enhancing the rate of methane increase beyond the global background rate. In the HLNP the rate of change in methane levels exceeds the expected background increase substantially, indicating the presences of a substantial source of methane to the region. Bartlett et al.
[2003] examined the latitudinal Figure 8 . Altitude dependence of species mixing ratios in the equatorial western Pacific region. Data for PWA, PWB, PTA, PTB, and TRP were available for this region. distribution of methane from the TRP program noting the largest differences between CMDL background levels are in the western Pacific between 15°and 20°N and 30°and 35°N, the northern most sampling during TRP. Elevated methane levels were also observed at these latitudes in the central Pacific at altitudes above 6 km, associated with rapid transport of continental emissions at altitude by the Japan Jet [Bartlett et al., 2003 ]. This transport mechanism may be contributing to the enhanced rate of methane increase in the HLNP over the decade.
[22] For CO 2 the average increase in all regions is 1.92 ppmv yr À1 , with the MNWP exhibiting the largest rate of increase, 2.16 ± 0.11 ppmv yr that is the most similar to the global average. The MNEP and MNWP exceed the global average rate of increase by 42% and 52%, respectively. The vertical distribution of CO 2 is presented for each region in Figures 7, 8, 9, 11, and 12 . Methane exhibits a lower altitude (<6 -8 km) surface enhancement in most regions, a surface enhancement is not as evident for CO 2 but is present with a low-altitude enhancement of 2 -3 ppmv in areas influenced by Asian outflow. The annual increase in CO 2 loading is evident in these plots at all altitudes. The vertical gradient is also evident as a general decrease in CO 2 mixing ratio with altitude. The most pronounced near surface elevation in CO 2 is consistently observed in the MNWP region. Vay et al. [2003] examined the latitudinal and longitudinal distribution of CO 2 during the TRP mission and found a band of maximum emission between 35°and 40°N, with a strong linear relationship between CO 2 emissions and latitude in the lower troposphere from 5°to 40°N. These data indicate that Asian regional emissions of CO 2 are contributing to an enhanced rate of CO 2 increase in the MNWP and MNEP regions. [2003] show that during TRP there was a shift in meteorological conditions from winter to spring and describe the flow patterns associated with these two regimes. A description of the meteorological conditions prevalent during PWB is given by Merrill et al. [1997] . Fuelberg et al. [2003] compared the streamlines derived from mission-averaged winds throughout the troposphere, precipitation patterns, and the frequency and intensity of midlatitude cyclones for TRP and PWB. Their analysis has demonstrated that the meteorological conditions were quite similar during the two missions. Dibb et al. [2003] examined the SSMI rainfall products and GPCP precipitation anomaly fields for eastern Asia and the western Pacific for the two field programs and did not find any persistent differences. The similarity in mission time, overall meteorology, precipitation, and sampling locations present a unique opportunity to examine long-term changes in species mixing ratios.
[24] It is possible to compare the mean peroxide mixing ratios between the two missions in only three regions, the HLNP, MNEP, and MNWP. The mean mixing ratio for H 2 O 2 is similar in the HLNP, although there are a limited number of samples to base the comparison on during TRP in the HLNP region. The increase for TRP in the MNEP of 273 pptv is significant at the 99% confidence level. Sampling in the MNWP produced a large number of observations in both missions, and PWB exhibits higher H 2 O 2 levels, 670 pptv compared to 614 pptv during TRP, this difference is significant at the 85% confidence level (Table 2 ). For CH 3 OOH the levels have increased in all three regions for TRP. The increase in the HLNP is not statistically significant, but for the MNEP and MNWP, the observations during TRP are 2.5 times and 12% higher than during PWB, respectively. These differences are significant at the 99% and 95% confidence levels, respectively. Increases in CH 3 OOH levels would be expected as methane levels increase, since methane oxidation is the primary source of CH 3 OOH over oceanic waters [Lee et al., 2000] . Vertical profiles of H 2 O 2 and CH 3 OOH exhibit a maximum %2 km (usually right above the cloud tops), with decreasing concentrations with increasing altitude, and lower concentrations in the boundary layer [Lee et al., 2000] . The vertical profile of H 2 O 2 mixing ratio in 1 km altitude bins in the MNWP is shown in Figure 13 for both PWB and TRP missions. In PWB, H 2 O 2 exhibits the typical vertical profile; however, in TRP in the MNWP the maximum at 2 km has been eliminated. This is not the case for CH 3 OOH which exhibits a typical profile in both programs (not shown).
[25] The levels of SO 2 in the MNEP, MNWP, and EQWP regions were 2.5-3 times higher during TRP than during PWB ( Table 2 ). The observed differences for SO 2 in the MNEP are not significant; for the MNWP and EQWP the differences are significant at the 99% confidence level. M. Kim et al. (Trends in SO 2 over the west Pacific: Comparison of TRACE-P and PEM West B, unpublished manuscript, 2003) have examined the distribution of SO 2 during the TRP program and found the greatest differences between the TRP and PWB mission in the 1-to 3-km altitude range (Figures 11 and 12) . The average and median mixing ratios for SO 2 in 1 km altitude bins are shown in Figure 13 for the MNWP region for both TRP and PWB programs. Average mixing ratios of SO 2 are significantly larger in TRP at altitudes below 4 km in this region (Figure 13 ). [26] Observations from both programs that had been impacted by local volcanic emissions were removed from the computations. The increased levels of SO 2 are in contrast to the recent estimation of a 17% reduction in east Asian anthropogenic SO 2 emissions between 1994 and 2000 [Streets et al., 2003] . Non-sea-salt sulfate is also elevated during TRP in this region, particularly in the lowest altitude range (Figure 13 ). Although continental anthropogenic emissions have decreased, there is a clear increase in SO 2 levels. The origin of the SO 2 is unclear but may reflect increased shipping activity and/or nonpoint source volcanic emissions in the region. Recently, Davis et al. [2001] have shown ship emissions can significantly affect boundary layer SO 2 levels in the North Pacific. Unfortunately, the absence of observations between the programs precludes determining whether the increased SO 2 levels represent a secular change. We believe enhanced sulfur loading in the MNWP and other regions appears to have lead to a suppression of H 2 O 2 mixing ratios relative to that of CH 3 OOH. The levels of SO 2 and non-sea-salt sulfate Figure 11 . Altitude dependence of species mixing ratios in the midlatitude northwestern Pacific region. Data for PWA, PWB, and TRP were available for this region.
observed during the TRP program are sufficient to reduce H 2 O 2 levels by 500 to 700 pptv. Transport of boundary layer SO 2 at the levels observed during TRP vertically through the marine boundary layer could remove the typical cloud top H 2 O 2 maximum.
[27] There are several other possible explanations for lower H 2 O 2 levels during TRP. First, lower H 2 O 2 levels could be due to a suppression of HO 2 levels as a result of higher NO levels in the regions during TRP. The regional mean NO mixing ratios are not substantially different between TRP and PWB; however, the range of observed levels was much larger during TRP in the MNEP and MNWP. Davis et al. [2003] have shown that the levels of HO 2 were generally a factor of 2 higher during TRP than Figure 12 . Altitude dependence of species mixing ratios in the midlatitude northeastern Pacific region. Data for PWA, PWB, PTA, PTB, and TRP were available for this region.
PWB. Consequently, suppression of HO 2 via NO during TRP does not appear to be responsible for lower H 2 O 2 levels. In the absence of a removal process for H 2 O 2 , the high HO 2 levels would result in increased levels of H 2 O 2 . A second possibility is that the three week shift in sampling time between missions could account for the lower levels due to a decrease in photochemical activity for the TRP period. Davis et al. [2003] show that in addition to HO 2 , levels of OH and J(O 1 D) were nearly a factor of 2 larger during TRP than PWB. They conclude that the shifts in these species were largely due to the 3-week change in solar zenith angle and increasing UV actinic flux. All of this points to an enhanced level of photochemistry during TRP, which should result in higher levels of H 2 O 2 .
[28] A third possible cause of lower H 2 O 2 levels could be enhanced scavenging, if the atmosphere was scavenged more efficiently by precipitation during TRP relative to PWB in the MNWP region. Fuelberg et al. [2003] compared the precipitation fields between PWB and TRP and found no differences. Dibb et al. [2003] examined several rainfall products and did not find precipitation differences between missions over the western Pacific. Further evidence against an enhanced scavenging explanation for lower H 2 O 2 levels can be found by considering other water-soluble species. A comparison of the NO y species between PWB and TRP by Talbot et al. [2003] indicate the levels of HNO 3 and PAN were 2 -5 times higher during TRP in the boundary layer over the northwestern Pacific than during PWB. The mean mixing ratio of HNO 3 in the MNWP during PWB and TRP were 258 ± 467 and 274 ± 344 pptv, respectively ( Table 2) . The similarity between the regional mean mixing ratios supports a similar scavenging environment between missions. Talbot et al. [2003] has shown up to a fivefold increase in HNO 3 in the lower troposphere in coastal air masses during TRP; HNO 3 levels at altitudes >5 km are not substantially different between missions (Figure 11 ). These levels in the boundary layer and lower troposphere suggest that precipitation scavenging is not responsible for the lower H 2 O 2 mixing ratios, since HNO 3 and other soluble species would also be removed. Dibb et al. [2003] have shown a significant increase in the mixing ratios of water-soluble aerosol species during TRP compared to PWB in this region. These observations support the assertion that the lower H 2 O 2 mixing ratios are driven by gas phase or aerosol chemical suppression rather than enhanced wet deposition during TRP. Browell et al. [2003] show a much stronger boundary layer aerosol outflow for TRP relative to PWB, and Dibb et al. [2003] have shown a larger dust aerosol component during TRP. We believe the elevated levels of SO 2 coupled with increased aerosol surface in the lower troposphere during TRP have resulted in the suppression of H 2 O 2 in the lower troposphere in the MNWP region. Levels of CH 3 OOH would not be as strongly influenced by this mechanism since CH 3 OOH is not as soluble as H 2 O 2 in aqueous phases [O'Sullivan et al., 1996] . Reduction of H 2 O 2 levels through heterogeneous reaction with SO 2 and its conversion to nonsea-salt sulfate results in changes of 500-1000 pptv for these species. Since all the GTE programs focused on gas phase Figure 13 . Vertical profiles of the average (TRP (circle) and PWB (square)) and median (TRP (plus sign) and PWB (cross)) mixing ratios for SO 2 , H 2 O 2 , and non-sea-salt sulfate. SO 2 measurements that were impacted by volcanic emissions in PWB and TRP have been excluded from the average and median calculations. chemistry, cloud process were not directly observed. However, we believe the MNWP observations from TRP present a compelling example of a regional scale heterogeneous loss of H 2 O 2 by reaction with SO 2 .
Conclusions
[29] Data from five NASA-GTE missions were examined to identify long-term and seasonally driven changes in the distribution of hydrogen peroxide, methylhydroperoxide, and selected species in the Pacific troposphere. During the most recent missions, PEM Tropics B and TRP, H 2 O 2 and CH 3 OOH were measured from the NASA DC-8 and P3-B during February -April 1999 and 2001, respectively. Over the last decade, flights on the two aircraft sampled the Pacific troposphere at altitudes from 0.5 km to 13 km and from 130°E to 115°W and from about 65°N to 70°S. The Pacific troposphere was subdivided into eight different geographic regions where long-term trends and seasonal changes in the observed species mixing ratios were examined as a function of altitude. Changes in species mixing ratios are discussed with respect to changes in source, transport, and photochemical production and loss process over the decade. Only long-lived atmospheric species exhibited monotonic annual trends; CH 4 and CO 2 exhibited average annual mixing ratio increases of 6.39 ppbv yr À1 and 1.92 ppmv yr
À1
, respectively. Methane exhibited the greatest annual rate of increase in the HLNP region at 8.49 ppbv yr À1 , followed by the EQWP. For CO 2 the MNWP exhibited the largest rate of increase, 2.16 ppmv yr
, with the MSWP having the lowest rate of increase, 1.78 ppmv yr À1 . O 3 , CO, and NO all exhibit significantly higher mixing ratios in the north Pacific troposphere in the spring relative to the fall, but these species did not exhibit a clear annual trend. H 2 O 2 mixing ratios were 38 ± 16% higher [D(fall-spring)258 ± 34 pptv], and CH 3 OOH was 61 ± 15% higher (D343 ± 76 pptv) throughout the Pacific troposphere in the fall than in the spring. The distribution of the peroxides is greatly influenced by seasonal changes in transport and photochemical production and loss. Elevated levels of peroxides associated with Asian outflow are most pronounced during the spring in the western Pacific. Injection of peroxides into the upper troposphere is evident at the ITCZ in fall and near the SPCZ during the spring. SO 2 loading in the north Pacific lower troposphere was 2 -3 times larger during 2001 than during earlier years, in contrast to a 17% reduction in continental anthropogenic east Asian SO 2 emissions estimated by Streets et al. [2003] . Other species that are good tracers of anthropogenic emission sources, C 2 H 6 , C 3 H 8 , and C 2 H 2 , do not exhibit significant increases in their average mixing ratios during 2001, and C 2 Cl 4 appears to be decreasing. CH 3 I, a tracer for oceanic emission, also does not exhibit an increase in 2001. Consequently, the cause for the increased SO 2 loading is unclear. However, the enhanced sulfur loading appears to have resulted in a suppression of H 2 O 2 mixing ratios throughout the midlatitude north Pacific troposphere. Other processes that could lead to lower H 2 O 2 mixing ratios do not appear to be responsible for the decrease.
